Introduction
Laboratory simulations are often used for new products development in the steel industry. If they produce important information, their direct transposition to the industrial line is always delicate. It is particularly the case with hot dip galvanisation simulations, where the sample is dipped in a static bath. Indeed, the formation of the inhibition layer, in the first step of the strip immersion seems to be dependent on a relative movement between the strip and the liquid bath. [1] [2] [3] The existence of that zinc movement along the strip on industrial galvanising lines is well known. [4] [5] [6] Moreover, it is generally accepted that the strip wettability by the liquid zinc is more difficult with laboratory simulations than on industrial line. 7) That is particularly the case of steels alloyed with Mn and Si.
Therefore, a modification of our laboratory equipment was made to define the influence of a zinc movement along the strip during hot dipping on zinc wettability and reactivity and on coating adhesion.
Experimental Procedure
A zinc stirring equipment is adapted on a classical galvanising apparatus. That system enables a zinc movement in a duct before the introduction of the strip (see Fig. 1 ). The zinc is pushed at a speed of 0.4 m/s by an axial pump in the opposite direction of the strip displacement (0.25 m/s) while it is introduced in the liquid zinc. The pictures of Fig. 2 give an idea of the zinc stirring when the system is activated. With this apparatus, the zinc flow along the strip changes from laminar to turbulent (Renolds number : Re -‫8ف‬ 000 at 460°C). The complete system is included in a crucible containing the liquid zinc and a thermocouple used for the control of the zinc bath temperature.
That system enables the galvanisation of 100ϫ200 mm samples and ensures a better homogeneity of the bath composition and temperature. A modification of the laboratory galvanisation equipment was made to reproduce the zinc movement along the strip as it is the case industrially during hot dipping. The galvanisation tests in baths containing between 0.24 wt% and 0.28 wt% of aluminium show an improvement of the zinc wettability on high strength steel to the same level as on industrial lines. The same kind of defects (small bare spots) can also be observed when high strength steels with large amounts of alloying elements are galvanised. Comparable inhibition layer and coating adhesion are however obtained with or without a bath stirring.
For galvannealing baths where the aluminium content is smaller (0.135 % Al eff ), the aluminium depletion obtained at the steel/liquid zinc interface is more important in the non-stirred baths. That depletion of aluminium is no more compensated by the long dipping time (3s) and a thinner inhibition layer is formed on the steel surface with static baths. The thicker inhibition layer, more representative of industrial conditions, induces an increase of the galvannealing temperature to completely transform the coating.
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For the simulation of static galvanisation conditions, the stirring system was removed and replaced by knifes allowing to clean the bath surface just before dipping.
After hot-dipping, the coating composition was measured by a two step dissolution in the case of galvanised steels. Indeed, the first H 2 SO 4 /NaAsO 2 attack only causes the dissolution of the zinc coating. After the second HCl/HMTA (Hexamethylenetetramine) attack, the inhibition layer is dissolved without pickling the steel substrate. As far as galvannealed coatings are concerned, the chemical attack is made directly by the HCl/HMTA solution.
After dissolution, the Fe and Al content in the solution is measured by ICP-OS. The coating weight is obtained by weighing the sample before and after pickling.
GDOS analysis was also used to characterise the inhibition layer. That analysis was made after the first dissolution of the zinc coating to improve in depth resolution. XPS analysis was used to determine the surface chemistry after the annealing cycle. That thermal-treatment was made in a chamber directly connected to the XPS apparatus. That practice enables to avoid any surface contamination and oxidation by the atmosphere. The counts number are normalised at 40 000 counts/s (Ag 3d 5/2 ) on a pure silver sample.
Finally, the coating wettability was estimated by determining the total uncoated area with image analysis or measured with a meniscograph apparatus. The coating adhesion was also estimated by measuring the decohesion area after a 180°bending test by image analysis. Table 1 summarises the chemical composition of the steels used in this study. The different values are obtained by PDA analysis. ICP-MS is used for Sb and Sn to have a better accuracy on the results. All steel sheets are industrial products except steels E and K which are laboratory made.
Results and Discussions

Selective Surface Oxidation during Annealing and
Zinc Wettability during Hot Dipping The percentage of uncoated surface on the different steel grades is reported on Table 2 .
The pictures of the galvanised panels give an idea of the shape and distribution of these uncoated areas (Fig. 3) .
Without any bath stirring and in the case of the most alloyed steel grades (steels H, I, J and K), the substrate is not covered at all in the dewetted areas. That is not the case of the less alloyed steel grades (steels B and G) where a very thin zinc layer is kept on the dewetted areas.
With stirring conditions, the steels G, H and I have a very limited number of small uncoated areas only between drosses. In the steel J, a very low amount of bare spots (Ϯ1 mm in diameter) is homogeneously spread over the surface. These bare spots have the same shape but are much more numerous in the case of steel K.
Finally, if all these results show that a bath stirring improve significantly the zinc wettability, the most important observation is that the zinc stirring enables to reproduce the classical bare spots obtained industrially on high alloyed steel grades.
Another way of measuring the zinc wettability on different steel grades is to follow the evolution of the wetting angle during hot dipping with a meniscograph. 8) That technique, which enables to follow the wetting force during hot dipping, gives indeed the equilibrium wetting angle q, with the Young equation 9) : Figure 4 indicates that the equilibrium wetting angle, obtained after a few tenths of seconds, is continuously deteriorated with Mn additions in the steels A, F and H. That result confirms the observation previously made on the coated strips in the case of a static bath.
These results are of course explained by the presence of external selective oxidation on the steel surface before hot dipping, as indicated by XPS analyses (Figs.
5(a) and 5(b)).
The in-situ strip preparation (annealing: 820°C/30s/20 % H 2 /DP -30°C) enables to leave metallic iron (707 and 720 eV) on the top surface. The oxygen peak can be attributed to Mn, Si, Nb and B selective oxidation. The shift of the Si peak probably indicates a change in the composition of the Mn-Si oxides with the steel composition. Furthermore, some Sb (528.3 and 537.6 eV) and Sn (485 and 493.4 eV) metallic segregation occurs on the top surface. Phosphorus also segregates on the sheet surface in a non-oxidised (129.9 eV) form after such a classical annealing treatment. Finally, carbon segregates on the surface to form mainly C-C bonds (284.4Ϯ0.2 eV). On Fig. 5(a) , the backgrounds are adapted to avoid curves overlapping for getting a clearer lecture of the pictures. Figure 5(b) shows the real background obtained for the general spectrums. It appears that the level of that background depends on the amount of selective oxidation and other surface segregation. That result is explained by the loss of kinetic energy of the photoelectrons coming from the inner layers. If a higher contamination is present on the surface, a thinner iron layer will be analysed, which will reduce the amount of Fe photoelectrons having lost kinetic energy.
As the binding energy is equal to the difference between the primary energy and the kinetic energy, the background is always observed after the Fe 3P and Fe 2P binding energies. The same observations is made after the Mn 2P photoelectrons. A thicker selective oxidation will give more photoelectrons having lost kinetic energy.
No clear relation can however be made between the segregations obtained by a Gibbs segregation mechanism (Sb, Sn and P) and the zinc wettability. An increase of such a segregation associated with the reduction of the selective oxidation shows that the free iron area increases with the reduction of oxidisible alloying elements in the steel.
Therefore, a link can be made between the wettability and the possibility for zinc and aluminium to react with metallic iron.
The reason of a weaker coating wettability in the case of the non-stirred bath could be explained by the poor elimination of the aluminothermia reaction products. 10) Indeed, the aluminium oxide made by the reduction of the selective oxides, is probably much better removed from the surface if a significant zinc flow is applied along the strip by the stirring system. In the case of a static bath, as the aluminium oxide is not completely eliminated, the poor contact between the liquid bath and the metallic iron will decrease the wettability. In the case of very low alloyed steels, no aluminothermia is required and the aluminium of the bath can directly react with iron to form the inhibition layer.
Another possible interpretation of the results could be made by considering the presence of an aluminium oxide on the surface of the zinc bath. That aluminium oxide can rapidly be formed after the cleaning of the bath surface just before hot dipping. It could then cover the strip surface during dipping and here again prevents the possibility of a good contact of the strip with the liquid bath. In the case of a stirred bath, the top surface is constantly renewed and no aluminium oxide film can be formed on the liquid bath. That interpretation could explain that the bottom part of the samples is more covered with large bare spots. The role of alloying additions on the wettability is however more difficult to explain by this interpretation. The exact mechanism should probably take the two proposed interpretations into account.
Coating Adhesion after Hot Dipping
As previously observed, 11) the selective oxidation, which is not completely eliminated by the aluminothermia reaction, is trapped in the inhibition layer during hot dipping. Table 3 seems to indicate that a higher amount of selective oxidation ( tion of the coating adhesion can also be attributed to the coating texture.
12) The pictures of the bent samples on Fig.  6 give an idea of these coating decohesion for the different steels containing increasing amounts of alloying elements.
When the bath is stirred, the composition of the inhibition layer is however in the same range for the different steel grades (Table 4) . Two analytical results are reported for some steel grades to give an idea of the scattering.
Only the high silicon containing steel (steel K) has a much lower proportion of Fe and Al. As the Fe/Al ratio is not modified, it can be concluded that the reactivity was not modified, but the reactive area was considerably reduced for the silicon steel grade.
A smaller, but significant difference can also be observed between a rephosphorised steel (steels E, F, G, H) and a classical IF-Ti steel (steel B).
As the coating appearance was very poor in the case of non-stirred baths, only GDOS analyses have been made between the uncoated areas. The integration of the Al profiles (Fig. 7) does not show any significant differences with the bath stirring conditions. That analysis confirms however the lower reactivity of the steel K and also indicates a thicker Fe 2 Al 5 layer for the rephosphorised steel grades.
These last results are not in full agreement with the work of Toussaint et al. 1, 2) showing that a thinner Fe 2 Al 5 layer is made in turbulent conditions (Re -‫4ف‬ 000). However, we have to notice that our results are obtained after a 3 seconds' dipping in the bath. That long delay, more representative of industrial dipping conditions, reduces the effect of the zinc flow turbulence on Al pick-up.
Moreover, our experiments were made with a bath containing a high amount of aluminium (0.24-28 wt%), which will lower the influence of zinc flow conditions. Indeed, if the aluminium proportion in the bath is high enough, the need of a diffusion mechanism to carry the aluminium to the steel surface, is less critical.
Finally, all these results indicate that in the case of GI baths, the coating adhesion mainly depends on the amount of steel surface covered with selective oxidation and is not influenced by the bath stirring conditions. 
Reactivity during Galvannealing
When the aluminium content of the bath is smaller, like in the case of baths used for galvannealing, the bath stirring influences the iron/zinc reactivity more significantly.
Indeed, as indicated on Fig. 8 , the Al content in the GA coating is more important when the bath is stirred during hot dipping. That observation which confirms previous results 3) is true for classical IF Ti steel grade but less obvious for rephosphorised steels.
The use of a zinc flow along the strip surface during the strip immersion probably lowers the aluminium depletion at the steel/liquid zinc interface. In the case of the IF Ti steel grade, that smaller Al depletion has enabled to increase the Al pick-up.
In the case of rephosphorised steels, as the reactivity is smaller during hot dipping, a thinner Fe 2 Al 5 can be stabilised. As the Al consumed to build that inhibition is smaller, the Al depletion at the steel/liquid zinc will also be weaker.
That smaller Al amount in the inhibition layer of rephosphorised steels was also observed after galvannealing on industrial lines (Table 5) .
Moreover, when the bath is stirred, a higher galvannealing temperature is needed for the rephosphorised steel to reach the same Fe proportion in the coating (Fig. 9) . This result cannot be interpreted by considering only the small thickness differences of the inhibition layer, but probably also its structure.
In the case of the IF Ti steel, the thicker Fe 2 Al 5 layer formed during hot dipping seems to have a very limited in- fluence on the galvannealing reactivity. The higher steel reactivity rapidly makes up for the time needed to destabilise the inhibition layer. Other experiments (Fig. 10) , made with the stirring system, confirm that rephosphorised and silicon containing steels 13) have a lower reactivity than classical Ti/Nb IF or ELC steel grades. The proportion of Al in the coating of silicon steel is however more important than for the resphosphorised steel (Fig. 8) .
The explanation of this result can be found in the competition between the aluminothermia and the reactivity reactions during hot dipping. Indeed, as the selective oxidation of the Mn-Si steel is much higher than for the other steel grades (see Fig. 5 ), the aluminothermia reaction will be significantly more important for the silicon steel, leaving more aluminium in the coating. A thickening of the Fe 2 Al 5 layer was also reported 14) for silicon steel to explain the stronger inhibition of the Fe-Zn alloying reaction.
Conclusion
The use of higher amounts of alloying elements in high strength steels induce the formation of an increased amount of external selective oxidation during annealing.
After galvanisation in static baths, containing between 0.24 wt% and 0.28 wt% of aluminium, the zinc wettability rapidly decreases with the rise of selective oxidation covering the strip surface. When a zinc movement is made along the strip, that wettability is strongly improved.
Moreover, with that stirring system, the zinc wettability on high strength steels, reaches the same level as on industrial lines. The same shape of defects (small bare spots) can also be observed when steels with highest alloying rate are galvanised. The change of stirring conditions does not influence the inhibition layer formed between the nodules of selective oxidation.
The increase of alloying elements will expand the surface covered by these nodules and lower the metallic iron areas where an adhesive Fe 2 Al 5 layer can be built. In other words, the increase of selective oxidation with the amount of alloying elements gradually decreases the coating adhesion.
For galvannealing baths as the aluminium content is smaller (0.135 % Al eff ), the aluminium depletion obtained at the steel/liquid zinc interface during hot dipping is more important in the non-stirred baths.
That lack of aluminium is no more compensated by the long dipping time (3 s) and a thinner inhibition layer is formed on the steel surface with static bath. The thicker inhibition layer, more representative of industrial conditions, needs an increase of the galvannealing temperature to transform the coating completely. 
